We investigated magnetoresistance of p-type Ge-on-Si metal-oxide-semiconductor field-effect transistors in order to determine the hole mobility µ as a function of the gate polarization (VG). Measurements were carried out at 4.2 K and magnetic fields up to 10 T. The signal measured was proportional to the derivative of the transistor resistance with respect to VG. To determine the hole mobility we developed a method to treat the measured signal which is based on a numerical solution of a differential equation resulting from the theoretical description of the experimental procedure. As a result, we obtained a non-monotonic µ(VG) dependence which is a characteristic feature of the carrier transport in gated two-dimensional structures.
Introduction
Field-effect transistors (FETs) are basic parts of most of electronic circuits and much care is attributed to their characterisation. One of the major tasks is to determine the mobility of the carriers (electrons or holes) in the transistor channel. This becomes difficult when the length of the transistor channel falls within sub--micrometer dimensions. The main reason is that standard methods of characterization are based on measurements of the gate-channel capacitance which gets very small for short-channel FETs and is often masked by parasitic capacitances of the experimental system.
An alternative method to determine the mobility in short-channel FETs was proposed some years ago [1] and is based on measurements of the geometrical magnetoresistance of a transistor. The geometrical magnetoresistance is an increase of the resistance in the magnetic field caused by turning the direction of the current lines by the Lorentz force. This effect is best observed in short, wide samples where the Hall voltage is short-circuited by the constant potential of the source and drain electrodes. Turning the current lines in short, wide samples ("transistor geometry") is opposite to the situation in long, narrow samples ("Hall-bar geometry") where the current does not change its direction but the Hall voltage is created. More details on these classical magnetoconductivity effects can be found in [2] .
The magnetoresistance method has been applied to determine the electron mobility in different types of transistors, like Si MOSFETs and GaN/AlGaN HEMTs [1, 3] . It gives an independent verification of such effects as degradation of the mobility with shortening of the channel length [4] , the influence of the ballistic motion on the mobility [4] or enabled a detailed analysis of scattering mechanisms in the transistor channel [5] . This method is quick and reliable and that is why it became an important tool to investigate the carrier mobility in FETs, in particular in sub-micrometer ones.
According to theoretical considerations [2] , the resistance R of a transistor placed in a magnetic field B perpendicular to the channel is given by
where R 0 is the resistance of the transistor channel at B = 0, µ MR is the magnetoresistance mobility of carriers in the channel and R A (B) is the access resistance of the drain and source electrodes. Equation (1) states that one can estimate the mobility from the R(B) dependence if the access resistance is much smaller than R 0 [1] , or if it is known. However, the condition R A R 0 is often difficult to fulfil in the case of nanometer transistors where the length of the channel is very short, and to determine R A (B) experimentally requires measurements on test structures. For instance, to estimate R A (B), one fabricates a series of ungated devices with the same width and different source-drain separations. Then, R A (B) can be derived from a dependence of the resistance on the device length.
To avoid difficulties caused by the unknown value of R A (B), one can modify the experimental procedure and (933)
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measure a derivative of R with respect to V G which elliminates R A [5] . The price to pay is that the measured signal is proportional to
where the quantity µ AC is called the ac magnetoresistance mobility which is related to µ MR via a differential equation
with p denoting the carrier density in the channel. Let us note that µ AC is a complicated function of µ MR , p and their derivatives and its value can be (and usually is) quite different from that of µ MR . For dimensional reasons, the coefficient before B 2 in Eq. (2) must be of a squared mobility, and hence its symbol µ AC and its name, but the form of Eq. (3) clearly shows that µ AC is not a mobility, but is only a function related to µ MR .
Let us note that the denominator in the second term in Eq. (3) can change sign, thus passing through zero at a certain value of V G . This is due to the fact that the sign of the derivative dp/ dV G is constant in the whole range of V G (positive or negative, depending on the type of the transistor) while dµ MR / dV G can change sign. This non-monotonic dependence of µ MR (p) (or, equivalently, µ MR (V G )) is caused by an interplay between screening by free carriers and scattering by the interface roughness. In fact, when increasing V G , one gets a larger carrier concentration which implies a more effective screening and a higher mobility but if the concentration is too large then the quantum well, where the carriers are localized, becomes very narrow and scattering by the interface leads to mobility degradation. A zero value of the denominator in Eq. (3) leads to a singularity in measured µ 2 AC (V G ) dependence which was experimentally observed [3] .
Typically, the procedure to determine µ MR from µ 2 AC is based on fitting the experimentally determined µ 2 AC (V G ) dependence to Eq. (3). To this end, one assumes that µ MR (V G ) is given by a third-order polynomial and p(V G ) = C|V G − V TH |, where V TH is the threshold voltage determined from the transfer characteristics, and C is the gate-to-channel capacitance which is determined from the known transistor geometry and dielectric permeability of the barrier oxide. The third-order polynomial is chosen since it is a simple function which can describe an expected µ MR (V G ) dependence in the form of a non-monotonic function asymmetrical with respect to its maximum. Applications of this procedure can be found in Ref. [3] and Ref. [5] .
As one can see from Eq. (3), the function to be fitted is complicated and the fitting procedure appears to be numerically unstable. Looking for a more stable procedure to find µ MR , we solve numerically the ordinary differential Eq. (3) which can be rewritten as
Both µ 2 AC (V G ) (see Eq. (2)) and p −1 dp/dV G = |V G − V TH | −1 were experimentally determined and Eq. (4) was solved by the Runge-Kutta method.
Experiment and results
The transistor structure is shown in Fig. 1a . It was fabricated on a 200 nm thick epitaxially grown relaxed Ge on Si substrate. The gate stack was formed from Si/SiO 2 / HfO 2 /TaN/TiN. NiGe/Al metallization was done for source and drain. The length and width of the transistor gate is equal to 250 nm and 10 µm, respectively. The transistor was placed in a liquid helium cryostat with a 10 T superconducting coil. Measurements were performed at 4.2 K using the electrical circuit shown in Fig. 1b An initial condition, i.e. a value of µ MR at a certain V G , must be given for the integration procedure. Since no test structures were available to determine R A (B) we assumed that for a slightly opened channel at V G = −0.2 V (with V TH = −0.15 V) which contains a small concentration of holes, its resistance is much higher than the access resistance R A . In such a case, µ MR is given directly from dc measurements (see Eq. (1)). The final results of calculations are shown in Fig. 3 . The obtained µ MR (V G ) dependence shows an expected depen- dence on V G with the maximum mobility value of about 330 cm 2 /(V s) at 4.2 K. In conclusion, we carried out magnetotransport experiment to determine the hole mobility in a p-type Ge-on--Si MOSFETs at 4.2 K. We proposed a new method of treating the experimental data which is based on solving an appropriate differential equation. The procedure proposed is numerically stable which makes the ac magnetoresistance method even more attractive to determine the carrier mobility in short channel FETs.
